Abstract
INTRODUCTION
The detection rate of focal liver lesions (FLLs) is clearly increasing because of the widespread application of imaging techniques, especially ultrasound examin ations. Kaltenbach et al [1] investigated 45319 hospi talized patients and found that the prevalence of benign FLLs was 15.1%. Hepatocellular carcinoma (HCC) is the second most common cause of mortality from cancer [2, 3] . The current diagnostic challenge not only involves effectively distinguishing between malignant and benign FLLs [4, 5] but also precisely identifying the characteristics of all types of FLLs since they require different clinical treatments and have different outcomes. For example, treatments for hemangioma (HE) and adenoma and those for HCC and lymphoma differ significantly.
To address this challenge, it is essential to establish a diagnostic method that is inexpensive, easy to operate, and has high diagnostic accuracy. Contrastenhanced ultrasound (CEUS) has been gradually recognized as a comparable imaging technique to contrastenhanced computed tomography (CECT) and contrastenhanced magnetic resonance imaging (CEMRI) in the diagnosis of FLLs [6, 7] . The common advantage of the above three techniques is visualization of the microvascular structure, which is one of the most important elements of the tumor microenvironment [8] , plays an important role in the development and progression of lesions, and is essential for their differential diagnosis. However, these techniques also have drawbacks. Some patients may be ineligible for these examinations because of contraindications to contrast agents, such as the risk of triggering or worsening renal failure with the iodinated contrast agents used for computed tomography (CT) and gadolinium diethylenetrianmine pentaacetic acid (GdDTPA) used for magnetic resonance imaging (MRI) [9] , as well as the risk of hypersensitivity reactions caused by the agents used in CEUS, CECT, and CEMRI [10] . Additionally, these techniques are expensive and timeconsuming, limiting their widespread use.
Superb microvascular imaging (SMI) is a novel Doppler technique developed by Toshiba Medical
System (Tokyo, Japan) [11] , which was designed to simulate CEUS by using advanced clutter elimination to obtain only vascular flow signals without using any contrast agents [12] . Similar to color Doppler and power Doppler imaging, SMI can provide a real time examination of vascularity in FLLs, but it has the additional advantages of detecting slower blood flow and revealing microvessels. Studies on SMI technology in superficial tissues, such as thyroid and breast tumors, have been reported, with some useful information obtained for differential diagnoses [11, 13] . Machado et al [13] evaluated the capability of SMI to show microvascular flow in normal thyroid tissue and in thyroid nodules compared with that of CDFI and found that SMI was able to better depict vessel branching. Zhan et al [14] compared the abilities of CDFI and SMI to reveal penetrating vessels (PVs) in breast cancer and discovered that more PVs were evident by SMI than by CDFI. By contrast, very few studies have been conducted on SMI for FLLs [15] . The purpose of this study was to investigate the SMI features of FLLs and to analyze the ability of SMI to provide additional information for the differential diagnosis of FLLs.
MATERIALS AND METHODS

Patients and FLLs
This study was performed from November 2016 to March 2017 at Peking Union Medical College Hospital. The study was approved by the ethical committee of the hospital, and informed consent was provided by each patient before examination. Twentyfour patients (mean age, 53.5 ± 12.9 years, range 2479 years; 13 men and 11 women) with 31 FLLs were included in our study. All FLLs had been detected by at least two modalities of CEUS/CT/MRI. Of all FLLs, nine were pathologically diagnosed, including two HEs in two patients, five HCCs in four patients, one hepatic adenoma, and one primary hepatic lymphoma, and 22 were radiologically confirmed, including 15 HEs in 12 patients (a single lesion in nine patients and two lesions in three patients), which were diagnosed by CECT and/or CEMRI and showed typical manifestations of nodular or strip type, with peripheral to centripetal enhancement and persistent enhancement in the portal venous phase and the delayed phase. Five metastatic masses (one patient had a single lesion and another patient had four lesions) were diagno sed by the primary tumor history and CECT/CEUS, which showed malignant characteristics with arterial enhancement that disappeared quickly in the portal venous phase. Two focal nodular hyperplasia (FNH) lesions were diagnosed by CECT based on persistent enhancement from the arterial phase to the portal venous/delayed phase, clearly defined outlines, and a central scar. 
SMI examination and imaging analysis
Patients were placed in the supine or left lateral position after 6 h of fasting. All US examinations, including Bmode US, CDFI, and SMI, were performed with a curved transducer (6C1Aplio 500; Toshiba Medical Systems Corporation, Tochigi, Japan). Bmode US was performed first to thoroughly scan the liver for FLLs. Once detected, the general features of FLLs were observed and their sizes (maximal diameter) were measured. Subsequently, conventional CDFI and SMI were performed to observe the vascular structures of the FLLs. For the CDFI examination, the scale was set as low as possible until the appropriate level was reached without any pseudo color flow, such as color flow spillover (the lowest scale was 4 cm/s), and the flow gain was adjusted until noise emerged. For the SMI examination, the parameter settings were as follows: color velocity scale of no more than 2.0 cm/s, frame rate > 30 fps, color frequency 57 MHz, and the gain setting adjusted to show optimal imaging. All US examinations were performed by a single operator, and 
RESULTS
All 31 FLLs underwent successful US examinations, including Bmode US, CDFI, and SMI, and satisfactory images were obtained. Of the 17 HEs, the SMI features could be divided into three types: diffuse dot like type (Type Ⅰ; n = 6; Figure 2 ), strip rim type (Type Ⅱ; n = 8; Figure 3 ), and nodular rim type (Type Ⅲ; n = 3; Figure 4 ). The sizes of the three types of HEs were significantly different (P = 0.00, < 0.05), but the average age and sex distributions of the patients showed no significant differences ( Table 2 ).
The SMI features of the 14 remaining FLLs were as follows: two of the HCCs were described as the diffuse honeycomb type (Type Ⅳ, Figure 5 ) and three were defined as the non-specific type (Type Ⅴ, Figure  6 ). Four of the metastatic lesions were from breast cancer in one patient and were classified as the strip rim type (Type Ⅱ), and one was from pancreatic cancer and was classified as the thick rim type (Type Ⅵ, Figure 7 ), with the lesion reflecting primary hepatic lymphoma. Two FNH lesions were described as the spokewheel type (Type Ⅶ, Figure 8 ), and the adenoma was described as the diffuse honeycomb type (Type Ⅴ). The distributions of SMI types between the most common malignant FLLs (HCCs and metastatic lesions) and the most common benign FLLs (HEs) were significantly different (P = 0.048, < 0.05) ( Table 3) , and these morphological findings of SMI types in different FLLs were consistent with the findings from contrastenhanced ultrasound/CT/MRI. The characteristics of all FLLs and the corresponding patients are summarized in Table 1 .
Among the 31 FLLs, 13 were small FLLs with a maximum diameter of less than 3.0 cm and 17 were larger than 3.0 cm. SMI could detect the vascular structures of all 31 lesions, while CDFI failed to detect the vascular structures of nine (69.2%) lesions in the < 3.0 cm group and two (11.8%) lesions in the > 3.0 cm group.
DISCUSSION
Angiogenesis, an important part of the tumor microen vironment [17] , plays a key role in the development of FLLs. The morphology of blood vessels in lesions is also important for differential diagnoses. CDFI had been widely used to depict tumor vessels, but it is limited in identifying low-speed flow signals because of the wall filter, which suppresses clutter and motion artifacts and results in the loss of low-speed flow signals. SMI, a novel technique, can overcome this limitation and can effectively distinguish low-speed flow signals from the imaging data were analyzed by two experienced radiologists. Both the operator and readers had > 10 years of experience in liver ultrasound. The readers classified the SMI characteristics of the FLLs into seven types ( Figure 1 ): Ⅰ, diffuse dotlike type; Ⅱ, strip rim type; Ⅲ, nodular rim type; Ⅳ, diffuse honeycomb type; Ⅴ, nonspecific type; Ⅵ, thick rim type with lymphoma; and Ⅶ, spokewheel type [15] . If a disagreement occurred, the decision was determined by consensus after consultation with a third experienced doctor. We divided the 31 FLLs into a ≤ 3.0 cm group and a > 3.0 cm group [16] , and then compared vascular visibility between CDFI and SMI. We also compared the SMI types of the most common malignant FLLs (HCCs and metastatic lesions) and those of the most common benign FLLs (HEs). artifacts without the use of any contrast agent. In the current study, we compared the abilities of CDFI and SMI to detect the vascular structures of all 31 FLLs, and the results showed that SMI could detect flow information in all lesions, but CDFI failed to detect the vascular structures of nine (69.2%) lesions in the < 3.0 cm group and two (11.8%) lesions in the > 3.0 cm group, suggesting that SMI has obvious advantages in detecting the blood vessels of FLLs. Therefore, SMI overcomes the limitation of CDFI, especially for the description of microvessels in small lesions. Studies on the application of SMI for FLLs are limited, and only two investigations have been reported: one was reported by Wu et al [18] , in which SMI clearly demonstrated the typical spokewheel vascular type of FNH in the liver without the use of any contrast agent, and the other was reported by Lee et al [15] , who used SMI for 29 FLLs, including HE, HCC, and FNH, and concluded that the SMI types were significantly different between FLLs. In the present study, we analyzed the SMI features of 31 FLLs, including HEs, HCC, metastatic lesions, FNH, hepatic adenoma, and primary hepatic lymphoma. We used seven SMI types to depict the vessel distributions and morphologies of the 31 FLLs. We found that the SMI type distribution between the most common malignant FLLs (HCCs and metastatic lesions) and the most common benign FLLs (HEs) differed significantly, which could provide meaningful differential diagnostic information. Meanwhile, we also found that various 
Statistical analysis
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The distributions of the superb microvascular imaging types between the most common malignant focal liver lesions (hepatocellular carcinoma and metastatic lesions ) and the most common benign focal liver lesions (hemangiomas) were significantly different (P = 0.048, < 0.05). FLLs shared the same SMI type. For example, the metastatic lesions from breast cancer and HEs shared the strip rim type (Type Ⅱ), and the other metastatic lesion from pancreatic cancer and primary hepatic lymphoma both showed the thick rim type (Type Ⅵ). Hepatic adenoma and some HCCs had the same diffuse honeycomb type (Type Ⅳ). Therefore, when an FLL is suspected to be a certain SMI type, other clinical information, such as a medical history, is still needed to determine an accurate diagnosis. For HEs, the average maximum diameters of type Ⅰ, type Ⅱ, and type Ⅲ lesions were 2.07 ± 0.63 cm, 3.68 ± 1.12 cm, and 7.73 ± 1.24 cm, respectively, and the lesion sizes of the three different SMI types were significantly different. The histology of the HEs can explain the SMI manifestations. First, the original etiology of HEs was not clear, but congenital vessel malformation caused by hyperplastic endothelial cells may be the cause [19] . Consequently, the microscopic features of HEs appeared like a blood pool constituted by cavernous vascular spaces, which were lined by a single layer of flat endothelial cells of different sizes. The vascular cavities varied in size and corresponded to the size of HE lesions. Some HEs may contain a thrombus that will gradually turn into a fibrous scar or nodules, especially in large lesions [20] . Therefore, for larger HEs, the internal blood flow may be slower or even completely replaced by the thrombus, so an enhanced examination can reveal peripheral nodules or ringenhanced patterns. SMI also reveals these features, especially in type Ⅱ and type Ⅲ. slow internal vascular signals, as in type Ⅰ. According to the previous statements, type Ⅰ and type Ⅲ had distinctive features enabling the discrimination of HEs from other FLLs.
Regarding the other types of FLLs, the previous SMI study on FLLs by Lee et al [15] showed that the SMI manifestations of HCCs revealed non-specific vascular types, while in the present study, we used two SMI types to summarize HCCs, including type Ⅳ, the diffuse honeycomb type, and type Ⅴ, the non-specific type. The general pathology of the former type showed that the intertumor blood vessels were distributed in a grid pattern resembling honeycombs. The SMI feature of the latter type was a striplike trunk with tiny branches, but we do not have enough evidence from other enhanced techniques or pathology to support it. Therefore, we classified it as the non-specific type. In this research, including two cases of FNH with both CDFI and SMI showing the typical spokewheel type without a basic echo of the liver parenchyma, SMI seemed to show the vascular structure more clearly, which is consistent with the previous studies [15, 18] . For metastatic lesions, it is always assumed that their imaging results are particularly confusing because metastatic lesions can simulate various other types of FLLs, as in the present study. The SMI types of metastatic lesions were similar to those of HEs and lymphoma. Therefore, in the diagnosis of metastatic lesions, a clinical history including the primary tumor is critical in addition to imaging studies.
Research on the ultrasound features of hepatic adenomas is relatively rare because of the low morbidity compared to other FLLs. Dong et al [21] conducted a retrospective study to analyze differences in ultrasound and CEUS features between hepatic adenoma and HCC, and the results showed that most cases of hepatic adenomas manifested as homogenous, rapid, and complete enhancement in the arterial phase, which is similar to HCC. In this study, our case of hepatic adenoma showed the same SMI type (type Ⅳ, diffuse honeycomb type) as some HCCs. This patient was diagnosed with a benign lesion or a relatively mild malignant mass before surgery because of the very clear margin and the slow washout pattern on CECT. SMI for this case did not show unique characteristic performance and was limited to the diagnosis of hepatic adenoma, requiring supplementation with an enhanced imaging examination. Primary hepatic lymphoma (PHL) is also a rare disease, accounting for only 0.016% of all cases of nonHodgkin's lymphoma (NHL) [22] . The treatment for PHL includes surgery, chemotherapy, and radiotherapy, which is significantly different from that for HCC or other malignant FLLs. Therefore, an accurate diagnosis before surgery is essential. Research by Lu et al [23] showed that one CECT manifestation of some PHLs was rimlike enhancement, which was similar to the features revealed by CEUS and SMI. Therefore, SMI may provide some helpful information for the diagnosis of some PHLs. Our study has some limitations. First, for hepatic adenoma and primary hepatic lymphoma, the incidence rates are very low and sample errors are inevitable. Second, only nine lesions were pathologically diagnosed in this study. Therefore, a very low possibility of missed diagnosis remains for the other 22 lesions that were radiologically confirmed because as the results showed, different types of FLLs may have similar imaging manifestations despite the use of at least two kinds of enhanced imaging techniques.
In conclusion, SMI technology allows evaluation of the microvascular structures of FLLs without using any contrast agent. For HEs, the lesion size may affect SMI performance. SMI can overcome the limitation of CDFI, especially for microvessel descriptions in small lesions. The SMI characteristics between the most common malignant FLLs (HCCs and metastatic lesions) and the most common benign FLLs (HEs) are significantly different.
ARTICLE HIGHLIGHTS
Research background
The frequency of focal liver lesion (FLL) detection is increasing because of the development and prevalence of imaging technology, especially ultrasound examinations. The subsequent challenge not only involves efficiently distinguishing between malignant and benign FLLs but also precisely identifying the characteristics of all types of FLLs as different clinical treatments and outcomes may be inherent to each type.
Addressing this challenge involves choosing a diagnostic method that requires minimal time and effort, but can achieve high diagnostic accuracy. Some patients may be ineligible for the currently used imaging techniques, such as CEUS/CT/MRI, because of the risk of triggering or worsening renal failure due to contrast agents, such as iodine used for CT and Gd-DTPA (gadolinium diethylene-trianmine pentaacetic acid) used for MRI. In addition, the agents used in CEUS, CECT, and CEMRI are foreign bodies, and each one could cause hypersensitivity reactions. Additionally, the three techniques are expensive and time-consuming, limiting their widespread application.
Research motivation
Superb microvascular imaging (SMI) is a novel Doppler technique that simulates enhanced ultrasound by using advanced clutter elimination to obtain only vascular flow signals without using any contrast agent. The purpose of our study was to investigate the SMI features of focal liver lesions and to analyze their ability to provide additional information for differential diagnoses.
Research objectives
To explore the ability of SMI to differentially diagnose focal liver lesions and compare SMI morphologies to those of color Doppler ultrasound and enhanced imaging.
Research methods
Twenty-four patients with 31 focal liver lesions (FLLs) were included in our study, with diagnoses of hemangioma (HE) (n = 17), hepatocellular carcinoma (HCC) (n = 5), metastatic lesions (n = 5), primary hepatic lymphoma (n = 1), focal nodular hyperplasia (FNH) (n = 2), and adenoma (n = 1). Nine lesions were pathologically diagnosed, and 22 lesions were radiologically confirmed, all of which were evaluated by at least two types of enhanced imaging techniques. All patients had undergone SMI. Patients were divided into subgroups based on pathological and radiological diagnoses to analyze SMI manifestations. We also compared the SMI manifestations of the most common malignant FLLs of HCCs and metastatic lesions with those of the most common benign FLLs of HEs.
Research results
HEs were classified into three SMI subgroups: diffuse dot-like type (n = 6); strip rim type (n = 8); and nodular rim type (n = 3). The sizes of the three types of HEs were significantly different (P = 0.00, < 0.05). HCCs were classified into two subgroups: diffuse honeycomb type (n = 2) and non-specific type (n = 3). Four of the metastatic lesions were the strip rim type of HE, and the other metastatic lesion was the thick rim type, which is the same as that of lymphoma. FNH was described as a spoke-wheel type, and adenoma as a diffuse honeycomb type. The SMI types of HCCs and metastatic lesions were significantly different from that of HEs (P = 0.048, < 0.05).
Research conclusions
SMI technology enables microvascular evaluation of focal liver lesions without using any contrast agent. For HEs, lesion size may affect SMI performance. SMI is able to provide useful information for differentially diagnose HCCs and metastatic lesions from HEs.
